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ABSTRACT 
 
 
 
 
 This study is about the modeling of biomass growth and PHB production in 
batch fermentation by using the numerical integration Runge Kutta 4th Order 
Method.  The data is obtained from two sources which are from Valappil et. al, 
2007[1] and data from the experiment of Hishafi, 2009 [2].  In order to simulate the 
process, the method of ordinary differential equation, ode45 in MATLAB software 
was used.  The ode45 provides an essential tool that will integrate a set of ordinary 
differential equations numerically.  The calculation method of ode45 uses Runge 
Kutta 4th Order numerical integration.  The values of the parameters of the models 
are determined by selecting the value that will give the least square error between the 
predicted model and the actual data. After the modeling process, a linear regression 
between the parameters of the ode(as the dependent variable) and the manipulated 
control variable agitation rate and initial concentration of glucose (as the independent 
variables) is made in order to study the effect of the manipulated variables.  From the 
simulation, it’s found that the model for both of biomass and PHB fit the data 
satisfactorily.  After the linear regression, it is found that the agitation rate gives 
more influence than initial concentration of glucose.   
 
 
 
 
 
 
 
 
 
 
 
 
ABSTRAK 
 
 
 
 
Kajian ini adalah berkenaan dengan pembinaan peraga yang berkaitan dengan 
fermentasi untuk menghasilkan bacteria C. Necator dan PHB.  Peragaan ini 
dijalankan dengan menggunakan kaedah kamiran secara numerikal iaitu Runge 
Kutta.  Peragaan sebenarnya adalah proses untuk menghasilkan model matematik 
yang akan mewakili sesuatu proses.  Untuk kajian ini, dua sumber data diperolehi 
iaitu daripada kajian yang lepas oleh Valappil et.al, 2007 [1] dan juga daripada hasil 
eksperimen Hishafi, 2009 [2].  Bagi menjalankan simulasi ini, perisian MATLAB 
yang mengandungi ode45 digunakan.  Prinsip pengiraannya adalah sama seperti 
kaedah Runge Kutta.  Parameter-parameter tetap yang mewakili model itu dipilih 
berdasarkan nilai ralat yang terkecil antara model ramalan dan data sebenar.  Selepas 
proses peragaan, kaedah regrasi linear dijalankan bagi mengkaji hubungan antara 
kadar pengacauan dan kepekatan asal glukosa terhadap penghasilan PHB.  Daripada 
proses peragaan ini, didapati kadar pengacauan lebih memberikan kesan terhadap 
penghasilan PHB berbanding dengan faktor kepekatan asal glukosa.   
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1  Background of Study 
 
 
Fermentation is a process by which carbon-containing a compound is broken 
down in an energy yielding process. Fermentations may be carried out in several modes 
such as batch, continuous, and fed-batch. The mode of operation actually is highly 
dependent on type of product being produced, nature of the product itself and also 
market demand of the product. Batch fermentation is a closed culture system which 
contains a limited amount of nutrient. The inoculated culture will undergoes several 
phases which are the lag phase, exponential phase, stationary phase and also death phase 
[3]. 
 
 
The product formation in batch fermentation has been classified by three types 
which are Growth- Associated Product, Non Growth- Associated Product and 
Intermediate Associated Product. In batch fermentation that involves Growth –
Associated Product, the rate of production parallels the growth of the cell population. 
While, for Non Growth- Associated Product, the formation of product happened at the 
end of the exponential phase. This product also called as a secondary product is formed 
from secondary metabolism which their kinetics do not depend on rate of growth 
culture, µ. 
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Poly-β-hydroxybutyrate (PHB) that produced by variety of bacterial species can 
be classified as biodegradable and biocompatible polymer [4].  PHB is an energy-storage 
polymer that will be synthesized by bacteria under unfavorable conditions to their 
growth [5]. The formation of PHB in bacteria is classified as a secondary metabolite. 
PHB accumulation is found to be both growth and non-associated. It is Non Growth- 
Associated Product which will be produce at maximum rate at the end of the exponential 
phase. In addition, PHB is intracellular product which is the product will accumulate 
within the cell. In order to obtain the product, the cell has to be disrupted to release the 
product into the medium before it can further extract using different separation process. 
 
 
The microbial growth, substrate utilization and product formation can be 
described by algebraic or differential equations. These so called kinetic models enable us 
to explain the behavior in the fermentation vessels [5].  The behavior of small 
(laboratory scale) cultivation vessel is much different with pilot –scale and production 
scale bioreactors. There’s too many thing that need to be considered in such ‘real’ 
situations. The larger bioreactors tend to have spatial variations within the vessel, noise 
from the environment and restricted use of monitoring and control devices [6, 7]. That 
does explain the reason why the production scale bioreactors cannot produce the same 
yield of product compare to laboratory scale. 
 
 
 
 
1.2 Problem Statement 
 
 
Nowadays, we have seen the tremendous decreasing amount of crude oil 
throughout the world that lead to higher price of that raw material. Petrochemical based 
polymers such as polyethylene and polypropylene is also produced from the crude oil 
base component. These petrochemical based polymers have also cause environmental 
pollution because it cannot be degrade permanently once it’s being thrown into the 
environment. Due to this constraint, the researchers throughout the world are trying to 
develop biodegradable polymer that have the same characteristic with petrochemical 
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based polymers. This biopolymer not even can be degrading by nature itself, but it also 
can reduce the usage of petrochemical product that seems to be higher in price several 
years later due to decreasing amount of the crude oil. 
 
 
From recent studies, the production of PHB has been carried out at large scale. 
Unfortunately, the price of PHB cannot compete with the price of petrochemical based 
polymers which are obviously cheaper than PHB itself. This is due to high production 
cost of producing PHB itself. Even though the raw material that being used in the 
production is cheap, the cost to purify the PHB itself has leaded the increment of total 
production cost. Sometimes, the situation becomes worse when there’s some factor that 
wills decrease the amount of product being produced.  
 
 
In order to reduce the production cost, the need to improvement is compulsory. 
The improvement is need especially when we carried out the fermentation process. 
That’s one good reason why we need kinetic modeling in order to represent biomass 
growth and PHB production, thus can be use to evaluate changes of important 
parameters in the batch fermentation. Once we got the idea about the trend that occurs in 
the fermenter, it will be more convenient for us to predict the product’s yield. Soon, it 
will increase the efficiency of the fermentation process that will lead to the reduction of 
production cost. The reduction of cost production then will lowered the price of PHB 
itself. 
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1.3 Objective of the Research 
 
 
The objective of this research:- 
 
i. To develop mathematical models for Bacillus cereus SPV biomass 
and PHB production from data in literature. 
ii. To model C.Necator biomass and PHB production from data 
obtained by experiment. 
iii. To investigate whether the PHB is a Growth Associated Product 
or Non- Growth Associated Product.  
 
 
 
 
1.4.  Scope of the Study 
 
 
The objective of this study is to develop an appropriate model for PHB 
production that will represent the parameters involved in the batch fermentation.   
 
 
To achieve the objectives, scopes have been identified to this research. The 
scopes of this research are listed as below: 
1. Parameters Evaluated 
 Biomass growth (bacteria Bacillus Cereus SPV and C.Necator) 
 Product formation (PHB) 
2. Relationship between growth and product formation parameter and control 
variables. 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1  Background of Biopolymer / PHB 
 
 
Plastic materials have become an integral part of our modern life due to its 
desirable properties including durability and resistance to degradation. The amount of 
plastic waste is increasing every day and time needed for its degradation is unknown. 
These non-degradable plastics accumulate in the environment at a rate more than 25 
million tonnes per year [8]. Plastics, is considered as a gift of modern science and 
technology to mankind are now turning out to be an environmental problem. Therefore, 
the need to develop biodegradable plastics has come into focus of many investigator 
throughout the world. 
 
 
Poly-β-hydroxybutyrate (PHB) is a fully biodegradable aliphatic polyester that 
belonging to the family of polyhydroxyalkanoates (PHAs). PHB is a family of microbial 
energy or carbon storage compound. It is being produce as an intracellular carbon in the 
bacteria under unfavorable condition growth [9, 10].  PHB is the most common and 
widely produced homopolymer by many bacteria. Its have similar properties with 
polypropylene, the commercial petrochemical polymers that widely used nowadays. The 
similar characteristics of PHB also include its resistance to water, ultraviolet radiation 
and impermeable to oxygen. But, the only different thing between both of them is the 
PHB is biodegradable polymer. While on other hand, polypropylene will not completely 
degradable even after thousands of years. 
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Many researchers in the world have been tried to develop an economic way in 
producing this biodegradable biopolymer. The usage of PHB will help to reduce the 
worldwide problem nowadays, which is the disposable problem. Even if it will be 
throwing into the environment, it will be degrade a few weeks later as long as the 
environment provides sufficient condition for degradation process depends on the 
moisture content and microorganism available in the environment. It has been seen as 
giving the high potential solution to the environmental problem nowadays. Besides that, 
the amount of crude oil that continually decreasing also gives a big motivation to the 
researchers to develop an alternative process in order to develop the polymer that has 
similar properties with conventional polymer. The biodegradable polymer, PHB has 
being seen as a promising future for the worldwide problem. 
 
 
 
 
2.2  PHB Production 
 
 
PHB can be produced from many cheap renewable raw materials by a wide 
variety of bacteria. Due to this factor and its biodegradability, many industries have 
given much attention in order to produce the PHB commercially in a big scale. 
Furthermore, the processing of this thermoplastic polymer did not need to design new 
equipment. It can be processed by using conventional plastic-forming equipment since 
it’s has similar properties to those of isotactic polypropylene. Therefore, it will give an 
opportunity to the industrialist that involved in the production of conventional polymer 
to change into biopolymer base production. 
 
 
PHB is a highly crystalline polymer and its melting point is 175°C and 
decomposes at 200°C. Its have similar properties with polypropylene in terms of it’s 
mechanical properties like flexural properties and tensile strenght. The main advantage 
of PHB is it’s 100% biodegradability. Since it is biological origin, they can be degrade 
naturally and completely to CO2 and H2O under natural environment by the enzymatic 
activities of microbes [11].  
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PHB can be used in packaging films, bags, containers, disposable items like cups 
and diapers. Besides, it can also be used as biodegradable carrier for long term dosage of 
drugs and insecticides or fertilizers [8]. In addition, it is also compatible with biological 
tissue due to its biodegradability.  
 
 
PHB production is normally induced by limiting the cells with nitrogen 
availability in the presence of excess carbon source during stationary phase in batch 
fermentation while in fed batch reactor after sufficient biomass accumulation. Compared 
to batch fermentation, fed batch operation can enhance yield and productivity by 
eliminating possible substrate inhibition. Somehow, the metabolic behavior can be 
modified by restricting the nitrogen supply [12].  
 
 
Ralstonia eutropha has been the most widely used microorganism in PHB 
production since it’s easy to grow. The PHB also accumulates in large amounts up to 
80% dry cell weight in a simple culture medium and it’s physiology and biochemistry 
that leading to the synthesis of PHB is well understood [13]. PHB production by 
different microorganisms has been attempted but still there is a need for improvement of 
yield and productivity of PHB production so that it can economically compare with the 
production cost of conventional plastic material [14].  
 
 
 
 
2.3  Ordinary Differential Equation 
 
 
Ordinary differential equation (ODE) in Mathematics is a relation that contains 
functions of one or more independent variable. One or more of its derivatives is respect 
to that variable. Ordinary differential equations arise in many different contexts. These 
different contexts include fundamental laws of physics, mechanics, electricity, 
thermodynamics, and also population and growth modeling [15]. 
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Many studies have been devoted in order to find the solution of ordinary 
differential equations. In the case where the equation is linear, it is not a major problem 
since it can be solved by analytical methods. Unfortunately, most of the interesting 
differential equations are non-linear and it causes a major problem to solve that equation 
by analytical methods. Thus, numerical method has been developed and it’s really 
helpful to solve those ordinary differential equations. Furthermore, there is much 
computer software that has been developed to help the user to solve those equations. 
 
 
 
 
2.4 Numerical Analysis 
 
 
Numerical analysis is the study of algorithms to solve for the problems. It can be 
described as a continuous mathematics, a little bit different with discrete mathematics. It 
has been use since ancient time in Babylon that gives a sexagesimal numerical 
approximation of , the length of the diagonal in a unit square that is very important in 
carpentry and construction. The Numerical analysis continuous is used for practical 
mathematical calculations. The numerical analysis did not concerned about the exact 
answers, but it’s concerned about obtaining the approximate solutions while maintaining 
reasonable bounds on errors. 
 
 
Numerical analysis widely finds its application in all fields including in 
engineering and science. The overall goal of the field of numerical analysis is the design 
and analysis of techniques to give approximate but accurate solutions to hard problems. 
Before the advent of modern computers, numerical methods often depended on hand 
interpolation. Nowadays, these tables is rare to use, since the invention of computer 
make the calculation work become easier and faster. Several computer software that 
always being used in numerical analysis are MATLAB, Maple, Fortran and C. 
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2.4.1 Numerical Ordinary Differential Equations: Runge Kutta Method 
 
 
Numerical ordinary differential equation is part of numerical analysis which 
studies the numerical solution of ordinary differential equations (ODEs). Sometimes is 
also being known under the name of numerical integration. Many differential equations 
are hardly or cannot be solved analytically. The only way to solve those equations is by 
using numerical analysis. 
 
 
In numerical analysis, the Runge–Kutta methods which pronounced as ‘Ruŋge-
Kuta’ are one of the important iterative methods for the approximation of solutions of 
ordinary differential equations. These techniques have been developed by the German 
mathematicians C. Runge and M.W. Kutta around 1900. Each Runge Kutta Method is 
derived from an appropriate Taylor Methods. These methods can be constructed for any 
order of N. The Runge Kutta Method of N = 4 is the most popular. It is a good choice 
for common purposes because it is quite accurate, stable, and easy to program. Most 
authorities proclaim that it is not necessary to go to higher order method because the 
increased accuracy is offset by additional computer effort. If more accuracy is required, 
then either a smaller step size or an adaptive method should be used [16]. 
 
 
 
 
2.4.2  MATLAB Implementation of Runge Kutta Algorithms 
 
 
The two toolbox routines to solve one or a set of first order differential equation 
are called ode23 and ode45. The ode23 is uses Runge Kutta equations of both second 
and third order. It will produce an algorithm that is third order accurate.  The efficiency 
and accuracy of calculation can be improved by adjusting the step size. Whereas, the 
ode45 is an identical fashion with ode23 but is based on 4th and 5th Order Runge Kutta 
Method that will produce an algorithm that overall is of fifth order. 
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If we compared each method, both ode23 and ode45 are almost slightly the same. 
However, ode45 is more accurate routine. If we wish to make an experiment by using 
both ode23 and ode45, we will notice that even though ode23 used a less accurate 
algorithm, the execution time will not be dramatically shorter. Vice versa, the ode45 it is 
more complicated and will take longer steps. But, the accuracy of the result obtained is 
higher than ode23. That’s make a reason why ode45 is more favorable and reliable than 
ode23 [17]. 
 
 
 
 
2.5  Kinetic Models 
 
 
 Kinetic modeling expresses the correlation between rates and reactant or product 
concentration that expressed either verbally or mathematically. This kinetic modeling 
will enable a prediction between the degree of conversion of substrates and the yield of 
individual products at other operating conditions. The well known and correct rate of 
expressions could be used to express the course of an entire fermentation based on initial 
values for the components of the state vector such as initial concentration of substrates. 
This expression leads to simulation, which may finally result in an optimal design of the 
fermentation. 
 
 
 The basis of kinetic modeling is to express functional relationship between the 
forward reactions rates of the reactions considered in the model. This reaction rates will 
be relate with the concentrations of the substrates, metabolic products, biomass 
constituents, intracellular metabolite or biomass concentration.  In this thesis, the kinetic 
modeling is used to relate the reaction rate with biomass concentration and metabolic 
product which is poly-β-hydroxybutyrate (PHB).[17] 
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2.5.1  The Monod Model 
 
 
There are many models that describe the growth of bacteria which related to 
nutrition. One of the models is Monod Equation. Monod Equation is particularly a very 
significant equation because most of the model developed is basely related to Monod 
Equation. Due to its popularity, simplicity and usefulness, it’s always being use as initial 
equation to model bacteria’s growth. Even the equation is in empirical state, it can fits 
the data quite well. 
 
Monod Equation can be expressed as: 
 
Where,  
µ = growth rate constant 
µmax = maximum growth rate constant 
cs = substrate concentration 
Ks = half saturation coefficient 
 
 
Naturally, microbial populations will increase until the nutrients are exhausted. 
This nutrient is called limiting nutrient. Limiting nutrient is nutrient that mainly being 
consumed by the bacteria to growth. Once all the limiting nutrient is being consumed, 
the bacteria unable to growth and will reach death phase. The function of Monod 
Equation is to relate the limiting nutrient concentration with a population growth rate of 
bacteria. 
 
 
Even when there are many substrates, only one of the subtrates is usually 
limiting. It can be recognized by the rate of biomass production which depends 
exclusively on the concentration of this substrate. By referring to the Monod Model, at 
low concentration of cs of this substrate, the growth rate, µ is proportional to cs. But, for 
increasing values of cs, an upper value of µmax for the specific growth rate is gradually 
reached. 
